AbstrAct: Tryptophan (Trp) metabolism via the kynurenine pathway (KP) was assessed in normal healthy US volunteers at baseline and after acute Trp depletion (ATD) and acute Trp loading (ATL) using amino acid formulations. The hepatic KP accounts for ~90% of overall Trp degradation. Liver Trp 2,3-dioxygenase (TDO) contributes ~70% toward Trp oxidation, with the remainder achieved by subsequent rate-limiting enzymes in the KP. TDO is not influenced by a 1.15 g Trp load, but is maximally activated by a 5.15 g dose. We recommend a 30 mg/kg dose for future ATL studies. ATD activates TDO and enhances the Trp flux down the KP via its leucine component. Higher plasma free [Trp] and lower total [Trp] are observed in women, with no gender differences in kynurenines. Kynurenic acid is lower in female Caucasians, which may explain their lower incidence of schizophrenia. African-American and Hispanic women have a lower TDO and Trp oxidation relative to free Trp than the corresponding men. African-American women have a potentially higher 3-hydroxyanthranilic acid/anthranilic acid ratio, which may protect them against osteoporosis. Future studies of the KP in relation to health and disease should focus on gender and ethnic differences.
Introduction
The essential amino acid L-tryptophan (Trp) is the precursor of a number of biologically active metabolites, including the pellagra-preventing factor nicotinic acid (vitamin B 3 ), the important redox cofactors NAD + (P + ) H, the zinc-binding compound picolinic acid, the neuroactive kynurenine (K) and its metabolites kynurenic acid (KA) and quinolinic acid (QA), the mood-enhancing indolylamine 5-hydroxytryptamine (5-HT or serotonin), and the pineal hormone melatonin. At most, only 1% of dietary Trp is utilized for protein synthesis, because, in a person in nitrogen equilibrium, the amount of protein degraded is matched exactly by that synthesized, with the bulk of Trp being available for metabolism. 1 Of the four known Trp-metabolic pathways (Fig. 1) , the hepatic kynurenine pathway (KP) accounts for .90% of total body Trp disposal, 1,2 though the other three minor pathways also produce biologically important metabolites. The hepatic KP is controlled by the first enzyme, Trp 2,3-dioxygenase (TDO, EC 1.13.11.11, formerly Trp pyrrolase). 1, 2 The importance of TDO in Trp degradation and hence its availability under normal physiological conditions is best exemplified by the finding that deletion of the mouse TDO gene elevates plasma [Trp] by 9.3-fold. 3 In extrahepatic tissues, Trp is oxidized by another hemoprotein indoleamine 2,3-dioxygenase (IDO: EC 1.13.11.17), though its activity is negligible under normal conditions, but can be dramatically enhanced after immune activation to astoundingly high levels, rendering it the major player in control of Trp availability under immune-related pathological conditions. 4 A comprehensive review of the role of IDO in health and disease has recently been published. 5 Trp has been used in a variety of clinical conditions, notably behavioral, cognitive, and mood disorders, eg, aggression, anxiety, bipolar disorder, major depressive disorder, premenstrual syndrome, seasonal affective disorder, and sleep disorders. 6 The common denominator in all these conditions is the presumed 5-HT dysfunction. In major depressive disorder, wherein Trp has been most commonly used, its antidepressant efficacy is modest and variable, most likely because of its excessive hepatic degradation by TDO, whose activity can be enhanced by the raised levels of glucocorticoids and possibly also catecholamines, hence the suggestion that efficacy can be enhanced by joint administration with antidepressant drugs or other TDO inhibitors. 7 Whereas emphasis in Trp research has in the past been serotonin-related, more recently metabolites along the KP have become the focus of interest in view of their neuronal activities in a variety of clinical conditions involving immune dysfunction, including schizophrenia. [8] [9] [10] [11] In particular, the kynurenine metabolites 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-HAA), and QA have been shown to possess immunosuppressive properties and have thus been implicated in the immune response to bacterial, parasitic, and viral infections, 12 as well as in fetal tolerance. 4 The functional capacity of the KP in health and disease has been assessed from the early 1960s by measuring urinary [13] [14] [15] [16] With the advent of more sensitive detection techniques, eg, high-performance liquid chromatography (HPLC) and mass spectrometry, it has become possible to quantify the much lower plasma levels of kynurenines (Ks). Quantification was initially limited to K and occasionally 3-HK, 17 but now includes many other K metabolites. 18 Acute Trp loading (ATL) in the past involved oral administration of Trp itself, but is currently performed using a mixture of ~15 amino acids enriched with Trp. A similar mixture from which Trp is omitted is used to induce acute Trp depletion (ATD). Both ATD and ATL are powerful research and diagnostic tools for assessing the role of brain 5-HT in behavior in normal subjects and those with various disorders. 6 Whereas both ATD and ATL continue to be used to investigate 5-HT function, they are being increasingly used to assess the KP, eg, in relation to oxidative stress in chronic brain injury and Huntington's disease. 19, 20 The ATD test 21, 22 is based on depletion of plasma Trp and hence its availability to the brain by several mechanisms: (1) stimulation of protein synthesis by Leu and other essential amino acids; (2) increased hepatic Trp oxidation by Leu; and (3) competition with Trp for cerebral uptake by competing amino acids (CAAs), mainly the three branched-chain amino acids (BCAAs) Leu, Ile, and Val and the aromatic amino acids Phe and Tyr. In the above ATL studies, 19, 20 only one dose of Trp (6 g in a 100 g formulation) was used. This is a relatively large Trp dose (~86 mg/kg for a 70 kg adult), which could activate liver TDO, thereby contributing to kynurenine metabolite formation on top of that due to the flux of Trp down the KP. Whereas a 50 mg/kg Trp dose does not activate liver TDO in humans 16 or rats, 23 a 75 mg/kg dose does in rats. 24 As will be shown in the present work, liver TDO is indeed activated (maximally) in humans by a 5.15 g dose of Trp (~74 mg/kg for a 70 kg adult). The standard amino acid mixture for ATL contains 5.15 g of Trp in a 50 g dose and 10.3 g in the traditional 100 g dose, with the control formulation containing 1.15 or 2.3 g, respectively, for these two doses. 21 No Trp dose-response study of plasma kynurenine metabolites has been undertaken with ATL using amino acid mixtures; only after administration of Trp alone (see the "Results and discussion" section). Also, the presence of Leu among the BCAAs in the above mixtures enhances the flux of Trp down the KP, 22 thus further complicating interpretation of the kynurenine metabolite data. One aim of the present study was to establish a suitable dose of Trp for future ATL with minimal interference from TDO activation or the Leu component of the formulation. Another aim was to assess gender differences in Trp disposition and KP activity after Trp loading, as cerebral serotonin synthesis has been suggested to be lower in women, 25 possibly related to plasma Trp availability to the brain following ATD. As the effect of gender on plasma kynurenine metabolites has not been studied, we considered it important to assess any likely differences. Thirdly, as the subjects studied were of various US ethnic groups, we have attempted to assess any likely ethnic differences in Trp disposition and KP activity, though in view of the small numbers of subjects studied, our conclusions regarding ethnic differences must be considered preliminary and in need of replication in larger numbers. Thus, in the present study with 114 healthy US volunteers of both genders and different ethnic backgrounds, we measured fasting plasma Trp and its K metabolites at baseline and after oral intake of various doses of Trp, and addressed the potential effects of Leu in the formulations used, including that for ATD, and gender, and ethnic differences at baseline and following ATL. subjects and Methods subjects. Subjects of this study undergoing ATL and ATD had previously been assessed for plasma Trp disposition and availability to the brain following oral administration of amino acid mixtures at two dose levels: 50 and 100 g 26 and for plasma Ks using 50 g formulations with different BCAA content to assess the role of Leu in Trp oxidation. 22 In this latter study, the standard doses of Leu and other BCAAs were decreased by 20%, 30%, and 40%. Trp flux down the KP was lowest with the 40% less BCAA formulation. This latter formulation is therefore considered in the present study as broadly representative of a Trp-only formulation (ie, with a minimal contribution of Leu to the Trp flux; see "Design" below).
In the present study, healthy volunteers of both genders (age range: 18-40 years) were recruited by one of the authors (DMD) during his tenure at the Health Sciences Centers of both Texas (Houston) and Wake Forest (Winston-Salem, North Carolina) Universities. Subjects enrolled in the two studies were deemed healthy after vigorous screening and gave written informed consent to participate. The two studies were conducted in accordance with the Declaration of Helsinki. Details of recruitment, inclusion, and exclusion criteria and ethical approval by the Institutional Review Boards of the above Universities have all been described. 22, 26 design. This was a randomized, double-blind betweengroup rather than within-group study to reduce participant burden and attrition. The study is best presented in three parts: (1) baseline comparisons; (2) separate and combined effects of Leu and a small Trp dose (1.15 g) on the flux of Trp down the KP in 50 g doses of control formulations and in comparison with effects of a similar dose of the ATD formulation; and (3) effects of larger Trp doses (5.15 and 10.3 g) in the ATL formulations. The compositions of all formulations are given in Table 1 . As stated above, because Trp was not used alone in this study, the control group with the least Leu content was used as an approximate substitute. This is the first control group in Table 1 (Control 1) with the low (40% less) [Leu] dose used in our recent study 22 of the effects of Leu on Trp oxidation. Because of the relatively large content of BCAAs in the original ATD, ATL, and control formulations, 21 specificity for 5-HT was impaired. This was addressed 27 in the control formulation by reducing the BCAA content by 40%. The lower content of BCAA in Control 1 is compensated for by proportionate increases in the content of the non-CAAs. We also assessed kynurenine metabolite levels in the present study in an ATD group to establish the effect of Leu on Trp oxidation in the absence of exogenously administered Trp by comparing the Control 2 and ATD groups. We hope that a comparison of the data obtained with the first three groups in Table 1 will help dissociate the roles of Leu and Trp in influencing the Trp flux. The ATL group at a 50 g dose can be compared directly with the Control 2 group. Finally, the 100 g ATL group can be reasonably compared with the 50 g ATL group, as we did not have a 100 g control group. The formulations were not administered on a body weight basis, but subjects had an average body weight of 69.1 ± 9.9 kg (mean ± SD; n = 114) and there were no statistically significant differences between men (70.7 ± 9.6; n = 54) and women (67.5 ± 10.2; n = 60).
Procedure. Full details of the procedure and experimental environments have been described previously. 22, 26, 27 Briefly, after overnight fasting, venous blood samples (10 mL each) were withdrawn for baseline parameters. Subjects then received one of the five formulations detailed in Table 1 over 20 minutes, and hourly blood samples were then withdrawn up to 7 hours after consumption of drinks. Subjects remained fasting during the entire procedure, following which they received a meal, which, for the ATD and control groups, was rich in Trp.
Laboratory procedures. Fasting plasma was isolated from the blood samples in ethylenediamine tetraacetate (EDTA) tubes and was frozen at -70 °C until transported under frozen conditions to Cardiff, UK, for analysis. Plasma ultrafiltrates for free Trp determination were prepared from fresh plasma (before freezing) as described, 28 as frozen storage increases albumin binding of Trp. 28 Both free and total (free + albumin-bound) [Trp] , and K and its metabolites (KA, 3-HK, xanthurenic acid [XA], 3-HAA, and anthranilic acid [AA]) were determined by HPLC isocratically, with ultraviolet (UV) and fluorimetric detection. 18 Limits of detection varied between 22 (3-HK) and 72 (AA) nM (UV) and 5 (Trp) and 32 (3-HAA) nM (fluorimetry). Between-day coefficients of variation varied between 1.9% (AA) and 7.7% (3-HK). 18 With our HPLC method, 18 baseline fasting [3-HK] values are considerably higher than those reported in the literature (which are on average ~0.31 µM), most likely due to the presence of a co-eluting substance as yet unidentified. However, as will be described below, the increases in from baseline (calculated by subtracting the baseline values) are similar to values in the Trp loading literature using other procedures showing the low baseline fasting . 19, 20 Also, in one subject with a baseline [3-HK] of 0.31 µM, the subsequent increases also matched those in the literature. We therefore considered it appropriate to make this subtraction throughout and to insert a historical baseline Table 2 gives the definitions of these enzyme expressions. TDO activity is also expressed relative to free Trp, in view of the finding 30 that free Trp determines to a large degree the flux of Trp down the KP. Another expression, also given in Table 2 , is that of total Trp oxidation, which is useful in expressing the flux of Trp down the KP, especially in the absence of changes in TDO activity, eg, after loading with small amounts of Trp. 22 With total tryptophan oxidation (TTOX), extrahepatic tissues contribute significantly to kynurenine aminotransferase (KAT) and kynureninase (kynase), but minimally to IDO under normal physiological conditions. 4 Thus, TDO expressed in this study is likely to include a small (,5%) contribution from IDO. statistical analysis. Results were analyzed statistically by one-way analysis of variance (ANOVA) for repeated measures for within-group and between-group differences using Sigma Plot version 11 (Systat, UK). For multiple group comparisons using this program, the Holm-Sidak test is recommended as results and discussion baseline plasma tryptophan and kynurenine metabolites and gender and ethnic differences. We had previously reported 18 baseline plasma Trp and kynurenine metabolite concentrations in a healthy US control group of 114 subjects of both genders. We now report ( 31 Accordingly, the percent free Trp (an expression of Trp binding to albumin) in our study was 53% higher in women. This suggests that circulating Trp availability is higher in women. The decreased Trp binding in women is not due to a decrease in albumin or an increase in non-esterified fatty acids (NEFAs), as both showed no significant gender differences. A femalespecific substance (or substances) may therefore be responsible, the nature of which requires investigation. That Trp availability to the brain is also higher in women is suggested by the 42% higher [ suggest that Trp availability to the brain for both the cerebral KP and 5-HT synthesis is moderately higher in women than in men and are thus at odds with the reported 25 lower serotonin biosynthetic rate in women (see also below).
The results in Table 3 also give data on Ks and enzyme activities expressed as products to substrate ratio percentages. There were no significant gender differences in Ks, and the 33% lower [KA] in women did not reach statistical significance (P = 0.079).
[KA] will be shown below to be significantly lower in Caucasian women, relative to men. Female subjects also had a significantly lower TDO activity and total Trp oxidation, but only relative to plasma free Trp [ie, tryptophan 2,3-dioxygenase relative to free tryptophan (TDOF) and total tryptophan oxidation relative to free tryptophan (TTOXF)]. On this basis, it could be argued that Trp oxidation by women may be moderately lower than that by men, which could also explain the higher free Trp availability to the brain of women. As will be shown below, the lower TDOF and TTOXF expressions are limited to African-American and Hispanic women, but not Caucasians.
The plasma [K]/[Trp] ratio is widely used to express TDO or IDO activity, and its use is both valid and informative under conditions when induction of either enzyme and the resulting enhanced flux of Trp down the KP are assured and robust, eg, with cortisol (TDO) or interferon-γ (IFN-γ) (IDO). However, under basal conditions, this ratio does not reflect totally the normal flux of Trp down the KP. Accordingly, we previously proposed 22 new expressions using free Trp and total Ks. Free Trp plays a major role in the Trp flux, 30 and the sum of Ks better reflects this flux. As the TDOF and TTOXF data in Table 3 show, women exhibit significantly lower rates of Trp oxidation. The flux of Trp down the rat hepatic KP is controlled mainly by TDO. 30 In the present work with human plasma, it appears that this may also be the case, as the six ratios of TDO/TTOX and TDOF/TTOXF in men and women, and the combined total in Table 3 . Linear regression showed highly significant (P , 0.001) correlations between each of the above three ratio pairs (r = 0.942-0.968). Because other Ks, in particular QA, were not measured, the above ratio of 0.7 is not a maximum value. Although QA is the largest K metabolite excreted in urine under basal conditions (45%-52%), 1,32 its plasma concentration is on average 0.348 µM (range: 0.253-0.451; calculated from data in Refs. 9,34). By adding 11% for QA contribution to the total Ks (3.09) in Table 3 , the TTOX and TTOXF values can be upgraded to 5.44 and 65, respectively. The TDO/TTOX and TDOF/TTOXF ratios can now be revised to 0.627 and 0.631, respectively. Thus, it may be provisionally concluded that the contribution of TDO (plus a minimal one from IDO under normal basal conditions) to Trp oxidation via the KP is 63%, and the remaining 37% may be due to other rate-limiting enzymes, possibly kynureninase and picolinate carboxylase.
Human KP enzyme activities can be approximated from plasma K metabolite ratios. Three studies by a Norwegian group 29, 33, 34 were performed in this regard. We compared a number of parameters from the total group in Table 3 here with the corresponding pooled calculated data from the above three studies as follows: TDO (3.41 vs 2. is lower in nonfasting subjects, 35 the higher values for TDO, TTOX, KAT A, and kynase A in our study may due to our higher [K] (2.15 vs 1.49 µM), and other differences may be due to food intake by the Norwegian subjects. Further assessment of KP enzymes will be made in the following sections. From our results and those by the above group, it is clear that KAT and kynase are more active with 3-HK as substrate than Table 3 and the above three Norwegian studies, and the much lower k m of kynase for 3-HK than for K. 36, 37 KP enzyme activities have been studied in rat liver and/or four other tissues. [38] [39] [40] In the study in several tissues, 40 direct enzyme assays did not correlate with product/substrate ratios. This is to be expected given the in vitro nature of enzyme assays. However, the comparable ratios for TDO and kynase A (K→AA) in Table 3 of the present work at least reflect the comparable rates of Trp flux through these two enzymes in isolated rat hepatocytes. 41 It has been suggested that the ratio of plasma [3-HAA]/ [AA] may contribute to disorders with an inflammatory component, and may represent a novel marker for the assessment of inflammation and its progression. 42 Under such conditions, the ratio is decreased because of a large increase in [AA], while [3-HAA] remains generally unaltered. As stated above and also shown in Table 3 , in our normal subjects [3-HAA] is higher than [AA], and the above ratio does not exhibit gender differences in the whole group. Ethnic differences in this ratio and the possible role of KA in this ratio will be discussed below.
When the above data were analyzed by ethnicity, new gender differences emerged (Table 4) . Thus, Trp binding to albumin was significantly lower in women of all three ethnic groups, due to a higher free, but not total, [Trp] , though only the higher free Trp in the Caucasian women was significant. In the absence of significant gender differences in NEFA or albumin, the lower Trp binding in women may, as stated above, be due to the presence of substance(s) in the blood of women capable of displacing Trp.
The increase in free Trp availability to the brain, expressed as the free [Trp]/[CAA] ratio, is confined to Caucasian women. There were no significant gender differences among Caucasians in TDO activities or TTOX whether expressed relative to total or free Trp. However, compared to men, Caucasian women showed significantly higher [3-HAA], but lower [KA], [AA], KAT A, and kynase A. This suggests that transamination of K to KA and K hydrolysis to AA by kynureninase are impaired in Caucasian women. This may be induced by estrogens, which are known to inhibit both enzymes by binding their pyridoxal 5′-phosphate cofactor. 43, 44 Estrogens thus mimic the effects of B 6 deficiency on both enzymes. 33, 45 Compared to men, African-American and Hispanic women exhibited lower TDO activity and Trp oxidation when expressed relative to free Trp, with 20% and 19% lower values in African-Americans and 61% and 48% in Hispanics. These greater decreases in Hispanic women also reflected a significant decrease (39%) in total Ks.
The [3-HAA]/[AA] ratio was comparable between Caucasians, Hispanics, and Asian Americans, and about onehalf of that of African-Americans (Table 4) . Only the higher value in Caucasian women approached significance (P = 0.059) compared with that of Caucasian men. The similarly higher ratio in Hispanic women and the lower ratio in AfricanAmerican women did not achieve statistical significance, because of the large individual variations. The differences in this ratio are not due to differences in , whose values were gender comparable, but are caused mainly by the lower [AA] in women. The 49% lower [AA] in Caucasian women was significant (P = 0.011), whereas the 63% lower (Hispanic women) and the 146% higher (African-American women) values were not. Statistical significance in these parameters and their ratio could be expected in larger samples.
The above data in Tables 3 and 4 could be of clinical significance in relation to schizophrenia (SZ) and immune-related disorders. The lower KAT A in Caucasian women could explain the lower incidence of schizophrenia in women, 46, 47 which has been suggested to involve protection by estrogens 48 through their interaction with brain-derived neuro trophic factor or a lower lipid peroxidation level in women. 49 We propose here an additional mechanism, namely inhibition of transamination of K to KA by estrogen metabolites binding and thereby inactivating the KAT cofactor, pyridoxal 5′-phosphate (PLP). The rationale is as follows. (1) The KA theory of SZ involves decreased functions of the NMDA (N-methyl-D-aspartate) receptors of the excitatory amino acid glutamate and the α7 nicotinic acetylcholine receptors. 10 (2) Cerebrospinal levels of KA, the physiological antagonist of these receptors, 50 are increased in SZ. 10 (3) By binding the PLP cofactor, estrogens inhibit KAT (and also another PLP-dependent enzyme, kynase). 43, 44 (4) Rat kidney mitochondrial and cytosolic KAT activity is 33% lower in females, and the higher activity in males is decreased to female levels by estrogens. 44 The rat kidney has the highest tissue [KA] , and its KAT is the second most active after the hepatic enzyme. 40 (5) Elevation of brain KA in SZ results from increased transamination of K to KA due to the accumulation of K following inhibition of cortical K hydroxylase (K mono-oxygenase) activity. 51 The increased formation of KA reflects increased substrate availability for KAT, and not activation of the enzyme, as its activity is unaltered in SZ. 51 (5) Accordingly, inhibitors of KAT have been proposed as potential SZ therapeutic agents. 52 The higher [KA] and KAT approximated activity in African-American women is surprising, but could be attributed to the lower use of estrogen contraceptives by women of this ethnicity (and also Hispanic women), 53, 54 resulting in less inhibition of KAT. It is possible that individual variations in [KA] within any ethnic group may be a function of the levels of endogenous estrogens and those used as contraceptives. This study is the first attempt to examine human gender differences in KAT, and future studies should include a parallel assessment of the estrogen status as well as that of vitamin B 6 . Current literature does not permit a clear conclusion regarding gender differences in incidence of SZ in African-Americans or Hispanic Americans. SZ incidence is greater in African-Americans than Caucasians, even after adjusting for the socioeconomic status, 55 though diagnostic bias is an obstacle to a clear-cut conclusion. 56 In a study of psychosis across ethnic groups in the UK, 57 a higher incidence of SZ was reported in Afro-Caribbean and Black African subjects compared to White subjects. However, the incidence of psychosis in the first two ethnic groups was higher in women. Whether a similar pattern emerges in African-American women remains to be seen and, if so, the higher [KA]/[K] ratio reported here for this ethnic group may be of diagnostic relevance.
The effects of estrogens on the KP are not limited to KAT inhibition, but inhibition extends to TDO 4 and kynureninase. 1 The overall effect of estrogens is increased excretion of kynurenine metabolites in a pattern resembling that observed in vitamin B 6 deficiency, the mechanism of which involves competition with the pyridoxal 5′-phosphate cofactor of kynureninase by estrogen metabolites 1 and possibly also the KAT inhibition reported here. The gender differences among ethnic groups in the [3-HAA]/[AA] ratio described above (Table 4 ) may be relevant to immune-related conditions. A lower ratio has been suggested to be associated with a range of neurological and other disorders, including osteoporosis, chronic brain injury, Huntington's disease, coronary heart disease, thoracic disease, stroke, and depression. 42 In most of these conditions, [3-HAA] is decreased whereas [AA] is increased. The higher [3-HAA]/[AA] ratio is African-Americans, compared with the other three ethnic groups (Table 4) is consistent with, and may explain, the lower incidence of osteoporosis in this ethnic group. Protective factors for African-Americans against fracture include their higher peak bone mass, increased obesity rates, greater muscle mass, lower bone turnover rates, and advantageous femur geometry. 58 In the present study, the age range of our subjects was 18-40 years. Whether the higher [3-HAA]/[AA] ratio is also present in older subjects remains to be established. Elderly African-Americans, however, lose the advantages accrued by younger ones, which include increased calcium absorption, superior renal calcium conservation, and the absence of increased bone loss because of skeletal resistance to parathyroid hormone. 58 A potential relationship between the above ratio and neurological diseases cannot be suggested from the present results, as the latter apply to normal subjects aged 40 years or less.
In the accompanying paper, 59 we showed that KA administration to rats increases liver [AA] and kynase A activity and observed a highly significant correlation between liver [KA] and [AA], but not between [KA] and . We suggest that KA enhances kynase A activity. Linear regression analysis of the KA, AA, and kynase A data in Table 3 of this paper revealed significant positive correlations between plasma KA and AA (r = 0.669; P = 0.049), KA and kynase A (r = 0.679; P = 0.044) and AA and kynase A (r = 0.941; P , 0.001). Additionally, a highly significant correlation was observed between kynase A activity and the [3-HAA]/[AA] ratio (r = 0.813; P = 0.008). It thus appears that baseline physiological levels of KA can influence kynase activity and the above ratio, and an increase in [KA] could therefore have potential clinical consequences additional to NMDA receptor antagonism.
Previous studies of plasma tryptophan disposition after various tryptophan doses. It is helpful to review at this stage previously published data on the maximum increases in plasma Trp and kynurenine concentrations after oral administration of various doses of Trp to establish differences in Trp disposition between ATL using Trp alone versus Trp in amino acid formulations. All studies listed in Table 5 15-17,20-22,27,60-62 involved oral Trp administration, except one 60 in which Trp was given intravenously. From the data summarized, the following conclusions could be drawn: (1) Plasma [Trp] is highest and maximally increased earlier (at 0.5 hours) after intravenous, compared with oral, administration. Table 5 , impaired Trp absorption from ATL amino acid preparations versus Trp only can be ruled out, leaving enhanced Trp disposal as the more likely mechanism. As will be shown below, the presence of Leu in Trp-containing amino acid formulations increases the Trp flux down the KP, and the experiments in the next section will attempt to dissociate the effects of Leu and Trp on this flux.
separate and combined effects of leucine and a small tryptophan dose on plasma tryptophan disposition and kynurenine metabolites. Leu enhances the flux of Trp down the KP in both hepatocytes isolated from high-Leu-fed rats 63 and human volunteers receiving the control formulation of the ATD test. 22 In this latter study, the flux of Trp, expressed as the sum of six Ks in plasma was decreased dose dependently when [Leu] was decreased from the traditional 13.2% (6.75 g in a total amount of 51.25 g of the amino acid formulation, or ~96 mg of Leu/kg body weight) by 20%, 30%, and 40%. TDO activation in rats is the most likely mechanism of the increased flux, 63 and the Leu component of the amino acid formulation is the mediator of the increased flux in the human study. 22 As flux was minimal with the low Leu formulation (~58 mg of Leu/kg), we considered this latter formulation the nearest to a Trp-only control (referred to in Table 1 as Control 1 group). With this assumption, we were able to dissociate the effects of Leu from those of the small Trp dose by comparing data in the first three amino acid formulations in Table 1 .
The time course of effects of oral administration of these three formulations on plasma Trp, K, and five of its metabolites is shown in Table 6 . The effects of Leu in the absence of added Trp are those observed in the ATD group. Here, as expected, there were progressive decreases in free and total [Trp] and [K] , reaching a maximum of 85%, 92%, and 45%, respectively, at 5, 4, and 5 hours. The decreases in these three parameters at five hours have previously been reported. 19, 20 Also not surprisingly, the K transamination product KA was not elevated, and KAT A activity was accordingly not altered. KAT A activity has also been shown to be unaltered by ATD, despite a reported decrease in [KA], presumably because of a greater decrease in [K], 19, 20 compared with that in the present work. By contrast, significant increases in K metabolites and their sum were induced by the ATD formulation ( Table 6 ), suggesting that the flux of Trp down the KP was enhanced by the Leu component. In our previous study, 22 we proposed that this increased flux is caused by TDO enhancement by Leu. In the present study (Table 6) , TDO activity and TTOX were both significantly increased when expressed relative to either total or free Trp. The observed increase in suggests the activation of K hydroxylase (Table 6) , and it could be argued that the lower than expected decrease in [K] (45%) after Trp depletion is the result of TDO activation. Our reported increases in 3-HK and 3-HAA are at odds with previous work, 19, 20 in which they were undetectable at 5 hours after ATD. No explanation can be advanced at present. Differences in sample storage and/or processing are possible explanations. A brief review of the literature shows that, of the Trp metabolites in the KP, only plasma [K] has been measured after ATD and was found to be decreased, as was the case in the present study and the above papers. 19, 20 The absence of a universal decrease in K metabolites after ATD in the present work is consistent with Leu promoting the flux of Trp down the KP, 22 and this should be taken into consideration in ATD studies addressing the KP.
The pellagragenic effect of Leu is thought to also involve the inhibition of kynase activity, 22 and the results in Table 6 indeed demonstrate inhibition of kynase B activity at one to seven hours by ATD. Kynase A activity, however, was not inhibited by ATD. Similarly, whereas KAT A activity was not decreased by ATD, KAT B activity was. It therefore appears that metabolism of 3-HK is preferentially undermined by Leu. A potential mechanism of kynase inhibition by Leu is that of decreased availability of the PLP cofactor, which could result from its depletion by BCAA aminotransferase acting on its Leu substrate. 22 The baseline (zero-time) data in Table 6 show that kynase B activity represents 68%-97% of the total enzyme activity. This is consistent with purified kynase from human liver exhibiting K m values for 3-HK and K of 7.7 × 10 -5 and 1 × 10 -3 M, respectively, and an activity ratio of these two substrates of 15:1. 37 In vitamin B 6 deficiency, KAT in mitochondria is thought to be protected against PLP depletion. Thus, whereas kynase activity (~92% of which exists in rat liver or kidney cytosols) is strongly inhibited by B 6 deficiency, KAT activity is inhibited in kidney cytosols (which represents 54% of total tissue activity) but not in mitochondria (43% of total KAT activity). 64 Whether this compartmental protection plays a role in K conversion to AA or KA in humans requires investigation.
The results in Table 6 with the C1 control group could be considered the nearest to a Trp control group with minimal interference from Leu. As expected, the flux of Trp down the KP is reflected by increases over time in the plasma concentrations of free and total Trp, K, and five of its metabolites, and total Ks. Compared to the ATD group, the C1 group induced greater elevations in all parameters, except XA and 3-HAA. Unlike the elevation of TDO by the Leu component of the ATD formulation, TDO activity in the C1 group was not significantly altered whether expressed relative to total of Table 6 . time-course of changes in plasma tryptophan and kynurenine metabolites after oral administration of amino acid formulations containing or lacking trp. free Trp. This suggests that a 1.15 g Trp dose (~16.4 mg/kg body weight for a 70 kg adult) does not activate TDO (or the combined TDO/IDO) activity. As stated above, a single 50 mg/kg dose of Trp does not activate TDO in human 16 or rats. 24 However, flux of Trp is enhanced in C1, as suggested by the increased TTOX and TTOXF, and the apparent increase in K hydroxylase. As was the case with ATD, KAT A and kynase A activities were not altered by C1, whereas KAT B and kynase B activities were strongly decreased, suggesting that K conversion to KA or AA is also protected, as is the case after ATD. The preferential impairment of 3-HK conversion to 3-HAA may be explained by a potential inhibition of kynase by high substrate (3-HK) concentrations, as has been demonstrated with the recombinant human enzyme. 65 It could therefore be suggested that kynase inhibition by Leu (in ATD) and Trp (in C1) is caused by two different mechanisms: PLP depletion and substrate inhibition.
The increases in plasma free and total Trp and K concentrations observed in the C1 control group (small Trp dose; Table 6 ) correspond to those previously published by us using amino acid mixtures. 22, 26, 27 When Trp (10 mg/kg) was given alone, 16 the increases in total Trp and free Trp at 1 hour and in K at 2 hours were 25%, 50%, and 105%, respectively, greater than in the present work, suggesting that absorption and subsequent metabolism of Trp are delayed by the presence of other amino acids.
Trp binding (expressed as the percent free Trp) was not influenced by ATD or C1. The absence of a change after ATD is not surprising given that no Trp was added. With C1, moderate but insignificant increases (of up to 22%) in the percent free Trp were observed. Greater increases occurred in C2. It may therefore be concluded that a 1.15 g dose of Trp causes only a partial saturation of the Trp binding sites on albumin.
The results in Table 6 with the C2 control group represent the combined effects of the larger Leu dose and the small Trp dose. Not surprisingly, there were no differences in plasma free or total [Trp] between the two control groups C2 and C1 with the same Trp content.
[K] and were also not different. However, the levels of KA, XA, 3-HAA, and total Ks were significantly greater in C2 than in C1. To establish whether the combined effects of Leu + Trp equal the sum of the two separate effects, comparisons were made of the sum of the separate effects (in ADT and C1) and those of the combined effects (in C2). As Leu (ATD) and Trp (C1) acted differently on a number of parameters, such as free and total Trp, K, and XA, it was considered more appropriate to conduct these comparisons first on total Ks and then on the remaining parameters. In data not shown here, but can be calculated from Table 6 , total Ks, AA, 3-HAA, and KA showed reasonable concordance between the sums and the combined effects. With total Ks, the differences between the combined effects and sums at 1, 2, 3, 4, 5, 6, and 7 hours were in all but one case moderate (+9%, +17%, -11%, -16%, +16%, +56%, and -1%, respectively). We therefore believe that we have reasonably dissociated the effects of Leu from those of Trp. effects of tryptophan loading at various doses on plasma tryptophan disposition and kynurenine metabolite concentrations. In this section, the effects of the 5.15 g Trp load (in a 50 g dose of the amino acid formulation) are compared with those observed in the C2 control group in Table 1 (1.15 g of Trp in the 50 g dose with the same Leu content). The effects of the 10.3 g Trp load are compared with those of the 5.15 g load, as we did not have a control formulation for the 100 g dose. These comparisons are given in Table 7 .
Free and total [Trp] were dose-dependently and significantly elevated by Trp loading. The percentage free Trp (expressing Trp binding) was increased by the two larger Trp doses, but not by the small (1.15 g) dose in the C2 control group. The similar increases in this parameter caused by the larger Trp doses suggest that the Trp-binding sites on albumin are maximally occupied by the 5.15 g dose and that the extra Trp derived from the 10.3 g dose is reflected in the higher free [Trp] in this group.
Concentrations of plasma K, its metabolites, and their sum were also increased dose-dependently. Because TDO activity in the three groups was not elevated until the four-hour time point, it may be concluded that the increased formation of K metabolites is initially caused by the flux of Trp down the KP. The absence of differences in TDO activity or TTOX between the two larger Trp groups suggests that the 5.15 g dose induces the maximum activation of TDO and enhancement of Trp oxidation. A similar dose in rats (75 mg/kg) also activates TDO. 24 We therefore recommend that, for maximum TDO activation in humans, a ~75 mg/kg Trp dose should be used. By contrast, a 1.15 g (~16 mg/kg) dose of Trp with a minimal effect of Leu (as in the C1 control group in Table 6 ) will not influence TDO activity. A 2 g oral Trp dose (~28.6 mg/kg) has traditionally been used in ATL studies.
14 It has been suggested that a 50 mg/kg dose (~3.5 g for a 70 kg adult) should be used for ATL. 66 This latter dose does not activate TDO in rats (measured by enzyme assay) or humans, 16, 23 but causes a temporary significant increase in the serum [K]/[Trp] ratio in rats. 59 We therefore recommend the smaller dose of 2 g, or, more accurately, a 30 mg/kg dose, as a means of correcting for body weight differences among study subjects.
Enzyme activities expressed by product/substrate ratio percentages (Table 7) show that Trp loading with the two large doses preferentially decreases KAT and kynase activities with 3-HK as substrate. With KAT B, competitive inhibition by Trp may be a possible mechanism, 67 whereas with kynase B a potential inhibition by both 3-HK and K 64 is likely. It will be noted that KAT A and kynase A activities in the 1.15 g Trp group are considerably higher than in the other two groups. This is due to [KA] and [AA] being higher and [K] being lower in this group.
Gender differences in the 21 parameters studied in Table 7 were examined in the three Trp-treatment groups (data not shown). Only a few gender differences were detected, none of which was in the 1.15 g Trp-treated group. In the InternatIonal Journal of tryptophan research 2016:9 Table 7 . time-course of changes in plasma tryptophan and kynurenine metabolites after oral administration of various doses of tryptophan in the amino acid formulation. 5.15 g group, significantly lower KAT A activity at 4 hours and KAT B activity at 2, 6, and 7 hours after the Trp dose was observed in women, compared to men. In the 10.3 g group, more differences were observed: a higher free [Trp] in women at 4-7 hours; a lower [K] in women at 3-7 hours; a lower total Ks in women at 4-7 hours; a lower TDO and TTOX in women at 4-7 hours whether expressed relative to total or free Trp. These findings in conjunction with the data in Table 7 suggest that: (1) whereas TDO is activated maximally equally in men and women, an excessive Trp dose decreases TDO activation only in women; (2) the decreased overall Trp oxidation in women with the 10.3 g Trp dose is consistent with the decreases in TDO and the subsequent flux of Trp down the KP; (3) the lower KAT activity in women observed with the 5.15 g Trp dose is overcome by the larger dose possibly because of increased substrate availability. Because the data in Table 4 show that ethnicity influences some Trp-related parameters, an attempt was made to examine ethnic responses to Trp loading by combining the data from both the 5.15 and 10.3 g Trp-treated groups to obtain sufficient (if still small) numbers for statistical purposes. However, numbers were still too small (not exceeding 8 in subgroups) with large individual variations. In Caucasians, for example, whereas baseline gender differences exist for , [KA] , [AA] , and KAT A and Kynase A (Table 4) , the same differences were also observed during ATL, but did not reach statistical significance. Ethnic responses to ATL for the combined genders were also compared for the 21 Trp parameters. Little differences were observed (data not shown), thus suggesting that no ethnic differences in kynurenine metabolite formation can be expected in future ATL studies.
General discussion and conclusions
We have assessed Trp disposition and metabolism along the KP in a sample of healthy US volunteers and identified important features. We suggest that liver TDO contributes some 70% toward Trp oxidation along the hepatic KP, with most of the remainder possibly achieved by the subsequent rate-limiting enzymes kynureninase and picolinate carboxylase. We assume that a small contribution is likely from the extrahepatic Trp-degrading enzyme IDO under the normal physiological conditions of the present work. Dose-response experiments with ATL demonstrated that maximum activation of TDO is caused by a 5.15 g dose of Trp, with higher dosage impairing Trp oxidation. To standardize dosage for future ATL studies and to avoid TDO activation, we recommend a 30 mg/kg body weight dose. Acute Trp loading is generally believed to induce the socalled functional vitamin B 6 deficiency, defined as a decrease in the pyridoxal 5′-phosphate cofactor for kynureninase, 1 as a result of increased transamination of K to KA and 3-HK to XA, and explaining the increased urinary excretion of XA and also KA. However, as the results in Table 6 with the 59 show that KAT A and B and also kynureninase A and B are all enhanced by Trp. There may be a species difference here, but another potential mechanism of this B 6 deficiency that has not previously been suggested is that of increased transamination of Trp to indolepyruvic acid (IPA) and further metabolites. Trp administered in a large dose to rats increases liver Trp aminotransferase activity by 4.7-fold, 68 and intravenous Trp administration to humans dose-dependently elevates the plasma concentrations of indol-3-lactic and indol-3-acetic acids. 60 Conversion of IPA to Trp has been suggested when a healthy woman on a Trp-free diet given IPA achieved nitrogen balance but then lost it when the latter was withdrawn from the Trp-free diet. 69 Transamination of Trp to IPA is common in plants and bacteria, including intestinal flora, but has not been studied in humans. However, the rapid increase in plasma concentrations of the above IPA metabolites following intravenous Trp administration 60 suggests that tissues and not intestinal flora play an important role. In rat liver, 60% of Trp transamination is achieved by tyrosine aminotransferase. 68 It is therefore likely that a significant level of Trp transamination to IPA occurs in humans especially after Trp loading. IPA is thought to possess many properties, including anxiolysis, sedation, and sleep promotion, and is also known to be metabolized to kynurenic acid. 70 Aminotransferases play important roles in brain physiology as catalysts in the formation of keto acids as energy sources. Significant Trp transamination to IPA in the human brain is also very likely, in view of the wide substrate specificity of aminotransferases. For example, the recombinant human brain KAT II isoenzyme shows a similarly high catalytic efficiency for Trp as for K. 71 These considerations may be relevant to the pharmacological actions of Trp and are worthy of investigation.
Baseline assessments are important, as they can reveal important gender and ethnic differences, notably (1) the higher plasma free [Trp] in women and consequently the increased availability of Trp for the cerebral kynurenine and serotonin pathways; (2) the lower kynurenic acid in Caucasian women, which may explain the lower incidence of schizophrenia in this ethnic group, possibly because of their greater use of estrogen contraception; (3) the potentially higher [3-HAA]/ [AA] ratio in African-American women, which may explain their protection against osteoporosis. Other ethnic differences in KP activity could not be suggested here with certainty because of the small numbers studied. This is an important limitation in the present study, and future studies examining gender and ethnic differences in KP activity in larger numbers of subjects could yield important information for further understanding of the important role of this pathway in health and disease. Another limitation of the present study is the younger age group of subjects (18-40 years) , and future studies will require comparisons with older subjects. Also, we suggest that future studies linking KP activity to schizophrenia and other behavioral disorders should assess the role of potential determinants and/or confounders: in particular (1) differences in diagnostic criteria and instruments used within a single population or across different countries with varied cultural and ethnic backgrounds, which could lead to different diagnostic conclusions, and (2) the need to establish the endogenous and pharmacological estrogen status as a function of age in women.
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